CONVERGED 3-DIMENSIONAL QUANTUM-MECHANICAL REACTION PROBABILITIES FOR THE F+H-2 REACTION ON A POTENTIAL-ENERGY SURFACE WITH REALISTIC ENTRANCE AND EXIT CHANNELS AND COMPARISONS TO RESULTS FOR 3 OTHER SURFACES by LYNCH, GC
Converged three-dimensional quantum mechanical reaction probabilities for 
the F+ H2 reaction on a potential energy surface with realistic entrance and 
exit channels and comparisons to results for three other surfaces 
Gillian C. Lynch, Philippe Halvick, Meishan Zhao, and Donald G. Truhlar 
Department of Chemistry and Supercomputer Institute, University of Minnesota, Minneapolis, Minnesota 
55455 
Chin-hui Yu and Donald J. Kouri 
Department of Chemistry and Department of Physics, University of Houston, Houston, Texas 77204-5641 
David W. Schwenke 
NASA Ames Research Center, Mail Stop 230-3, Moflett Field, California 94035 
(Received 4 October 1990; accepted 5 February 199 1) 
Accurate three-dimensional quantum mechanical reaction probabilities are presented for the 
reaction F + H, + HF + H on the new global potential energy surface SSEC for total angular 
momentum J = 0 over a range of translational energies from 0.15 to 4.6 kcal/mol. We find 
that the v’ = 3 HF vibrational product state has a threshold as low as for v’ = 2. We also find 
considerable structure in the reaction probability and cumulative reaction probability curves 
which may be indicative of resonance structures. We compare these results to those for another 
potential energy surface SSEC-W, which differs from surface SSEC in the magnitude of the 
van der Waals well in the entrance channel, and to those for two previous potential energy 
surfaces. 
I. INTRODUCTION 
The F + Hz system is one of the most challenging 
triatomic reactions to understand. A wide range of experi- 
mental techniques have been applied to this system and have 
produced an exciting array of results that have initiated in- 
tense theoretical study. (Representative references are given 
in the preceding paper.‘) One feature of this exoergic reac- 
tion that has been of particular interest is the observation of 
population inversion in the product vibrational states, with 
the v’ = 3 and v’ = 2 states of the HF product being populat- 
ed significantly more than the v’ = 1 or 0 states.2’a) Even 
more interesting is the unusual angular dependence of the 
differential cross sections for producing these states.2’b’ 
In an attempt to fully understand the dynamics of this 
reaction a large number of approximate and accurate theo- 
retical studies have been carried out. The great majority of 
these studies have been performed on surface No. 5 of Muck- 
erman,3 called M5, but such studies4 were unsuccessful in 
reproducing the experimental5 observations. Later calcula- 
tions have been performed on surfaces Nos. 5 (Ref. 6) and 
5A (Ref. 7) of our own research group, which to date had 
been the best global potential energy surfaces with realistic 
representations of the exit valley for this system. 
Accurate quantum dynamics calculations for surface 
No. 5A (both early calculations at low total angular momen- 
tums and more recent calculations’ summing over angular 
momenta) predicted a population inversion in the product 
vibrational states of HF and no delayed threshold for v’ = 3 
as compared to v’ = 2. Delay time calculations were also 
performed 8(a),8(c)V8(d) on this surface, and they showed no 
resonance behavior for orbital angular momentum I equal to 
zero over the whole energy range involved in the molecular 
beam2’b’ experiments. Approximate quanta1 calculations” 
of the differential cross sections on surface 5A show encour- 
aging similarities to experiment.* Although these aspects of 
the calculations performed on surface No. 5A correspond 
well with the experimental observations, recent scaled-exter- 
nal-correlation (SEC) ’ ’ and ab initio’2 calculations indicate 
that the region around the F-H-H saddle point on this sur- 
face is incorrect, especially Il(b)~I*(b)sl*(C) thebending poten- 
tial. In the preceding paper we presented a new global poten- 
tial energy surface called SSEC which incorporates the 
qualitative features of the saddle point region predicted by 
these calculations for both linear and nonlinear geometries. 
The new SSEC surface also incorporates a more accurate 
treatment of the van der Waals long-range attractions, but a 
second apparent deficiency of the 5A surface, namely that 
accurate quantum’ and quasiclassica14’k’ calculations 
summed over all total angular momenta yield a higher 
(v’ = 3)/(v’ = 2) ratio than experiment,2 was not ad- 
dressed explicitly in the refitting, and it is unclear until full 
quantum dynamics calculations are performed on surface 
SSEC whether the refitting will improve this aspect. As a 
start on examining this question we report here on accurate 
quantum mechanical calculations for the new surface for 
total angular momentum Jequal to zero. We will also report 
calculations on another surface, called surface SSEC-W, 
which is similar to surface SSEC and differs primarily in the 
region of the van der Waals well in the entrance channel. 
This comparison allows us to begin to learn about the sensi- 
tivity of product vibrational distributions to changes in en- 
trance-channel characteristics. To place this comparison in 
the perspective of past work we also compare to accurate 
quantum results for zero total angular momentum for the 
M5 and 5A surfaces. 
II. POTENTIAL ENERGY SURFACES 
The potential energy surface which forms the main fo- 
cus for the present calculations is surface SSEC which is 
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described in detail in the previous paper. ’ The regions of this 
surface near the F-H-H and H-F-H saddle points are based 
on SEC calculations, and the F-H-H exit-channel region is 
based on the surface No. 5 (Ref. 6) developed previously in 
this research group. [The exit channel of surface 5A (Ref. 7) 
is also based on that of surface 5, and surfaces 5, SA, and 
SSEC are all quantitatively similar in the exit valley.] For 
comparative purposes, accurate quantum results using the 
popular M5 surface3 and the surface No. 5A of Steckler et 
aL4 will also be presented here. The final surface that is stud- 
ied in this paper is the surface called SSEC-W and details of 
this surface are presented in the rest of this section. 
In the development of the SSEC surface we found that 
the F-H, van der Waals interaction region was sensitive to 
the magnitude of the weights used in the least squares fitting 
routine for the F-H-H entrance and exit channels. As dis- 
cussed previously,’ some points near the F-H-H saddle 
point received weights higher than unity, and the final values 
of these weights, which were equal to 12, were determined by 
empirically fitting the spherical average well depth of the 
FH, potential in the van der Waals region to the experimen- 
tal results of Aquilanti et al. I3 If, instead of 12, we set these 
weights equal to 50, we obtain a surface SSEC-W which fits 
the F-H-H and H-F-H barrier regions quite well and is 
similar to surfaces 5,5A, and SSEC in the exit valley, but has 
a spherically averaged FH, potential well depth of 0.625 
kcal/mol vs the 0.145 kcal/mol value on surface SSEC. The 
W in surface SSEC-W denotes the extra deep “well.” 
An analysis of the stationary points for surface SSEC-W 
was carried out via Newton-Raphsoni4 searches. The posi- 
tions and harmonic frequencies for the collinear and bent F- 
H-H, F-H-D, and F-D-D saddle points on surface SSEC- 
W are presented in Table I. As for surface SSEC,’ surface 
SSEC-W has two first order saddle points and so there also 
exists a second order saddle point (hilltop), the properties of 
which are listed in Table II. In Table III we list the properties 
of the well in the F-H, interaction region. In Tables I-III, 
Qrcuc is the F-B-C bond angle. 
Other features of surface SSEC-W which are of interest 
for understanding dynamics results are the exit-channel vi- 
brationally adiabatic barriers for the formation of vibration- 
ally excited HF( v’ = 3) and DF( v’ = 4), from the reactions 
F+H,+ HF(v’ = 3) + I-I, F + HD-+HF(v’ = 3) + D, 
and F + D ,-+DF(v’ = 4) + D. We anticipate on the basis 
TABLE I. Saddle point geometries and harmonic frequencies for the reac- 
tions F + BC- FB + C on surface SSEC-W. 
R 
6: 
R 
(a; 
@,,, V + BC Y, 9 v+ 
(deg) (kcal/ (cm-‘) (cm-‘) (cm-‘) 
mol) 
3.11 1.45 180. 1.56 HH 3837 178 471i 
HD 3252 163 403i 
DD 2715 126 349i 
3.00 1.44 105. 1.01 HH 4073 415 467i 
HD 3527 315 460i 
DD 2882 304 335i 
TABLE II. Hilltop geometry and harmonic frequencies for the reactions 
F + BC - FB + C on surface SSEC-W. 
R R 
(Q; (3 
Q, FBC V* BC Y, # VfF 
(deg) (kcal/ (cm-‘) (cm-‘) (cm-‘) 
mol) 
3.14 1.44 156. 1.58 HH 3908 4321 224i 
HD 3328 381i 197i 
DD 2765 320i 159i 
of previous work 4(g)V6 that in order to form these high vibra- 
tionally excited states with significant probability the exit- 
channel adiabatic barrier for a given v’ state must be lower 
than the vibrationally adiabatic barrier in the entrance chan- 
nel. To test whether this is true for surface SSEC-W we cal- 
culate the zero-angular-momentum, stretching-state-specif- 
ic vibrationally adiabatic potential curve which is defined 
aS4(bM5.16 
ci (V’J) = v,,, (s) + E*tr (u’,s) + 2&“‘3 (s), (1) 
where s is the distance along the minimum energy path 
(MEPI, V,,, is the potential along the MEP at s, E,~, ( V’J) 
is the stretching vibrational energy with a stretching quan- 
tum number equal to v’, and &,,d is the zero point energy of 
the doubly degenerate bending vibration. In Eq. ( 1) the 
bending-rotational-orbital quantum numbers are equal to 
zero and the superscript g is used to denote that these degrees 
of freedom are in their ground state. To determine the vibra- 
tionally adiabatic potential curve for surface SSEC-W, the 
stretching vibrational energy is calculated by the WKB ap- 
proximation,16 and the zero point energy of the bending vi- 
bration is found by a harmonic-quartic approximation. The 
harmonic-quartic potential is determined by a Taylor series 
in the deviation of the bond angle from r (Ref. 17) and the 
energy levels were obtained by variation-perturbation theo- 
ry. I8 The vibrationally adiabatic exit-channel barrier, rela- 
tive to the reactant zero point energy, is then found by find- 
ing the maximum in the product valley of the adiabatic 
potential curve. This yields 
AVtg(v’) =max Vl(v’,s) - Vz(v’=O,s= - a), 
S,O 
(2) 
where s%O means in the exit valley, after the region of large 
reaction-path curvature. [ Vz (v’ = 3 or 4,s) has an unam- 
biguous local maximum there, but, of course, it has a physi- 
cally irrelevant maximum about 30 kcal/mol higher near the 
entrance-channel saddle point where only the v = 0 state is 
TABLE III. Entrance-channel van der Waals well properties for Fe. .HH. 
R 
(2 
R 
(3 
a FBC Vf V2 V3 
(de& (kcal/ (cn?‘) (cm-‘) (cm-‘) 
mol) 
5.16 1.40 180. - 1.23 4393 231 389 
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TABLE IV. Exit-channel vibrationally adiabatic barriers in kcal/mol. 
Reactant Product MY No. 5” 5SECb 5SEC-W Jy’h’ rc1 
H,(u=O) HF(u’= 3) 2.96 0.50 0.40 0.33 < 0.68’ 
D,(u=O) DF( u’ = 4) 2.59 ( - 0.16Y’ ( - 0.37) ( - 0.42) < 0.75’ 
HD(u = 0) HF( u’ = 3) 3.76 1.32 1.21 1.16 z 1.3’ 
a Reference 7. 
b Reference 1. 
’ Reference 2(b) 
d A negative value is dynamically equivalent to zero for the forward reaction. 
relevant at the collision energies of interest. ] Table IV lists 
the vibrationally adiabatic exit-channel barriers measured 
from the ground state of the reactants for surface SSEC-W, 
and, for comparative purposes, similar quantities for the oth- 
er three surfaces discussed in this paper are also listed in 
Table IV. 
III. DYNAMICS CALCULATIONS 
The dynamics calculations are for total angular momen- 
tum J = 0, and the initial vibrational quantum number (0) is 
also equal to zero. The method, which is explained in detail 
elsewhere, I9 is based on a complete 2’ basis-set expansion 
of the coupled reactive amplitude densities which are de- 
fined by multichannel distortion potentials and the Fock 
coupling scheme. The distortion potentials used are fully 
coupled in the rotational quantum numbers but are uncou- 
pled in the vibrational quantum numbers and the channel 
TABLE V. Parameter sets used in the convergence study for surface SSEC.” 
arrangements. By considering the H atoms as distinguish- 
able, there are three arrangements for the F + H, reaction: 
a = 1 corresponds to F + H,, CT = 2 corresponds to 
H, + H, F, and a = 3 corresponds to H, + H, F. Permuta- 
tion symmetry was used to simplify the calculations, and for 
even initial rotational quantum numbers, only the even sym- 
metry block lgcb) had to be solved. The numerical and basis 
set parameters are determined such that reaction probabili- 
ties into specific product vibrational states are well con- 
verged. To converge these calculations two independent 
convergence tests, each using two different sets of param- 
eters, were performed; as an example of the convergence, 
Table V lists four parameter sets which were used to test the 
convergence of the calculations on surface SSEC. In Table 
VI we compare state-to-state reaction probabilities and cu- 
mulative reaction probabilities for these four parameter sets 
at a sample total energy of 0.325 eV. The state-to-state prob- 
Set 1 Set 2 Set 3 Set 4 
Parameter F+HJ H+HF F+Hz H+HF F+H, H+HF F+H, H+HF 
i,,,,. (0 = 0) 12 
i.,,,(u= 1) lo 
A,., ( u = 2 ) 8 
i,,,,, (0 = 3) 6 
iI,,.,, (0 = 4) 4 
A,, (u= 5) 
j,,,(u=6) 
ma, 10 
Kc,, (G)(a,,) 3.70 
A(G) (a,,) 0.26 
Km (G) (4 6.04 
iJ(HO) 
1.4 
40 
R b.,, (a,,) 0.86 
RL,,, t , (a,,) 15.0 
Wit 13 
NV’ cc,, 45 
N @? ,I,, 75 
N Qti’l. 13 
NQS 12 
22 
18 
15 
11 
7 
4 
3 
18 
2.50 
0.25 
6.75 
1.4 
40 
0.50 
16.0 
12 
30 
75 
16 
14 
13 
11 
9 
7 
5 
13 
3.50 
0.24 
6.38 
1.3 
55 
0.46 
16.0 
14 
50 
80 
14 
14 
23 
19 
16 
12 
8 
5 
4 
20 
2.40 
0.24 
6.96 
1.3 
55 
0.34 
17.0 
13 
40 
80 
17 
16 
12 
10 
8 
6 
4 
16 
2.00 
0.30 
6.5 
1.4 
45 
0.3611 
19.872 15 
10 
40 
80 
16 
16 
22 
18 
15 
11 
7 
4 
3 
28 
2.10 
0.20 
7.5 
1.4 
60 
0.3611 
19.872 15 
14 
50 
80 
24 
16 
14 
12 
10 
6 
4 
14 
2.20 
0.31 
6.23 
1.38 
45 
0.32 
17.872 15 
12 
38 
75 
14 
14 
23 
19 
16 
12 
7 
4 
3 
25 
2.10 
0.23 
7.62 
1.38 
60 
0.3211 
18.872 15 
13 
45 
75 
18 
16 
“The parameters are explained in Ref. 19(d). 
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TABLE VI. Sample of the convergence of the reaction probabilities and even-permutation-cumulative reac- 
tion probabilities for F + Hz(Q) + HF( u’) + H with J = 0 at 0.325 eV on surface SSEC calculated with the 
four different parameter sets listed in Table I. 
E(eW U i U’ Set 1 Set 2 Set 3 Set 4 
0.325 0 0 0 1.58( - 4)” 1.57( - 4) 
1 7.47( - 3) 7.45( - 3) 
2 2.01( - 1) 2.00( - 1) 
3 5.46( - 1) 5.45( - 1) 
sum 7.546( - 1) 7.526( - 1) 
0 2 0 1.74( -6) 1.71( - 6) 
1 7.97( - 5) 7.83( - 5) 
2 2.17( - 3) 2.13( - 3) 
3 3.54( - 3) 3.52( - 3) 
sum 5.791( - 3) 5.730( - 3) 
Even-permutation-symmetry cumulative reaction probabilities 
0.760 0.758 
1.62( - 4) 
7.48( - 3) 
2.01( - 1) 
5.46( - 1) 
7.546( - 1) 
1.76( - 6) 
7.91( - 5) 
2.14( - 3) 
3.53( - 3) 
5.751( - 3) 
0.760 
1.45( - 4) 
6.81( - 3) 
2.00( - 1) 
5.43( - 1) 
7.500( - 1) 
1.59( - 6) 
7.40( - 5) 
2.00( - 3) 
3.53( - 3) 
5.606( - 3) 
0.756 
“Numbers in parentheses are powers of ten. 
bilities P+ are for the reaction 
F + H?( u = Oj) +H + HF( u’) for initial vibrational state 
u = 0 and initial rotational statej = 0 or 2, summed over all 
final rotational states (j’), for the given final vibrational level 
u’. The cumulative reaction probabilities are sums of all zero- 
total-angular-momentum, even-permutation-symmetry 
state-to-state reaction probabilities, summed over all open 
reactant and product channels with the given total angular 
momentum and permutation symmetry. Thus these include 
only evenj for the a = 1 reactants, and for the products they 
include the symmetric linear combination of the a = 2 and 
a = 3 arrangements.‘9’b’ (Since total angular momentum 
and permutation symmetry are both good quantum 
numbers, no approximation is involved in decoupling these 
reaction probabilities from the others.) From Table VI we 
note that the results are acceptably well converged and the 
TABLE VII. Three-dimensional reaction probabilities for F + H, (u = j = 0) -t H + HF( u’, summed over all 
/) and cumulative reaction probabilities (No) for J = 0 for even permutation symmetry for surface SSEC. 
E’ 
(eV) 
Em, b 
(kcal/mol) 
u’ = 0 d = 1 u’ = 2 u) = 3 No 
0.275 0.146 1.74( - 9)’ 1.06( - 7) 
0.280 0.261 4.21( - 7) 2.48( - 5) 
0.285 0.376 5.85( - 8) 3.72( - 6) 
0.290 0.492 l.ll( -7) 6.87( - 6) 
0.295 0.607 1.62( - 7) 1.08( - 5) 
0.300 0.722 4.96( - 7) 3.63( - 5) 
0.305 0.838 2.37( - 6) 1.79( - 4) 
0.310 0.953 1.44( - 5) 1.09( - 3) 
0.315 1.068 7.67( - 5) 5.53( - 3) 
0.318 1.137 1.66( - 4) 1.14( - 2) 
0.320 1.183 2.07( - 4) 1.33( - 2) 
0.325 1.299 1.62( - 4) 7.48( - 3) 
0.326 1.322 1.50( - 4) 6.17( - 3) 
0.330 1.414 1.19( - 4) 2.87( - 3) 
0.340 1.645 1.59( - 4) 4.84( - 3) 
0.350 1.875 2.69( - 4) 1.02( - 2) 
0.360 2.106 4.06( - 4) 1.65( - 2) 
0.370 2.337 5.58( - 4) 2.26( - 2) 
0.380 2.567 7.35( - 4) 2.84( - 2) 
0.390 2.798 9.11( -4) 3.40( - 2) 
0.400 3.028 l.lO( - 3) 4.00( - 2) 
0.410 3.259 1.35( - 3) 4.79( - 2) 
0.420 3.490 1.50( - 3) 5.27( - 2) 
0.430 3.720 1.67( - 3) 5.51( - 2) 
0.440 3.951 1.38( - 3) 4.72( - 2) 
0.450 4.181 10% - 3) 3.66( - 2) 
0.460 4.412 1.24( - 3) 3.75( - 2) 
0.470 4.643 1.48( - 3) 4.87( - 2) 
1.23( - 6) 
2.67( - 4) 
4.18( - 5) 
7.79( - 5) 
1.42( - 4) 
5.17( - 4) 
2.85( - 3) 
1.86( - 2) 
1.04( - 1) 
2.31( - 1) 
2.88( - 1) 
2.01( - 1) 
1.74( - 1) 
9.04( - 2) 
6.60( - 2) 
1.20( - 1) 
2.05( - 1) 
2.92( - 1) 
3.46( - 1) 
3.89( - 1) 
4.26( - 1) 
4.69( - 1) 
4.90( - 1) 
5.00( - 1) 
4.59( - 1) 
3.73( - 1) 
3.52( - 1) 
3.76( - 1) 
0.0 
0.0 
1.61( - 4) 
3.81( - 4) 
1.06( - 3) 
3.49( - 3) 
1.37( - 2) 
6.03( - 2) 
2.51( - 1) 
5.00( - 1) 
6.09( - 1) 
5.46( - 1) 
5.31( - 1) 
5.45( - 1) 
6.12( - 1) 
6.23( - 1) 
5.94( - 1) 
5.52( - 1) 
5.21( - 1) 
4.92( - 1) 
4.60( - 1) 
4.17( - 1) 
3.94( - 1) 
3.86( - 1) 
4.46( - 1) 
5.18( - 1) 
5.22( - 1) 
4.31( - 1) 
1.34( - 6) 
2.93( - 4) 
2.06( - 4) 
4.66( - 4) 
1.21( - 3) 
4.05( - 3) 
0.017 
0.080 
0.361 
0.745 
0.914 
0.760 
0.718 
0.646 
0.702 
0.953 
1.320 
1.780 
1.732 
1.697 
1.677 
1.671 
1.680 
1.683 
1.671 
1.656 
1.861 
2.229 
*E is total energy with respect to the reactants F + H, at classical equilibrium. 
‘E,, is relative translational energy. 
c Numbers in parentheses are powers of ten. 
J. Chem. Phys., Vol. 94, No. 11,l June 1991 
Downloaded 21 Nov 2007 to 211.23.84.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7154 Lynch etal.:F+H, reaction 
TABLE VIII. Three-dimensional reaction probabilities for 
F + Hz( u = j = 0) -H + HF( v’, summed over all]‘) and cumulative reac- 
tion probabilities (N “) for J = 0 and even permutation symmetry for sur- 
face SSEC-W. 
E” 
(eV) 
-64 b 
(kcal/mol) 
v' = 2 v' = 3 NO 
0.280 0.26 1 8.46( - 3)' 0.0 9.31( - 3) 
0.285 0.376 8.16( - 3) 2.85( - 3) 1.43( - 2) 
0.290 0.491 3.75( - 5) 7.71( - 4) 9.51( -4) 
0.300 0.722 1.89( - 3) 1.61( - 2) 1.96( - 2) 
0.310 0.953 4.12( - 2) 1.45( - 1) 1.99( - 1) 
0.313 1.022 9.92( - 2) 2.36( - 1) 3.75( - 1) 
0.315 1.068 1.58( - 1) 3.17( - 1) 5.41( - 1) 
0.316 1.091 1.90( - 1) 3.52( - 1) 6.26( - 1) 
0.3175 1.126 2.39( - 1) 3.95( - 1) 7.47( - 1) 
0.320 1.183 3.01( - 1) 4.27( - 1) 9.12( - 1) 
0.321 1.206 3.15( - 1) 4.28( - 1) 9.69( - 1) 
0.3225 1.241 3.24( - 1) 4.24( - 1) 1.07 
0.324 1.275 3.19( - 1) 4.40( - 1) 1.27 
0.325 1.299 1.34( - 1) 6.42( - 1) 1.28 
0.326 1.322 2.74( - 1) 3.05( - 1) 1.07 
0.328 1.368 2.41( - 1) 3.38( - 1) 1.41 
0.330 1.414 2.04(-l) 3.54( - 1) 1.58 
0.331 1.437 1.70( - 1) 3.64( - 1) 1.60 
0.335 1.529 1.02( - 1) 4.29( - 1) 1.62 
0.340 1.644 9.65( - 2) 4.76( - 1) 1.67 
0.350 1.875 1.73( - 1) 3.34( - 1) 1.64 
0.355 1.990 2.72( - 1) 4.71( - 1) 2.22 
0.360 2.106 3.32( - 1) 4.84( - 1) 2.52 
0.370 2.336 3.82( - 1) 5.11( - 1) 2.72 
‘E is total energy with respect to F + H, at classical equilibrium. 
‘E,, is relative translational energy. 
c Numbers in parentheses are powers of ten. 
differences between the probabilities from sets 1 to 4 are at 
most 10% for the smallest probabilities. (We do not claim 
good convergence for very small reaction probabilities.) All 
further results presented for surface SSEC are based on cal- 
culations performed with parameter set number 3 of Table 
V. Similar convergence tests were carried out for the three 
other surfaces used in this paper, but are not presented in 
detail. 
Tables VII and VIII present reaction probabilities from 
the ground state (U =j = 0) of H, and even-permutation- 
symmetry cumulative reaction probabilities for surfaces 
5SEC and SSEC-W, respectively, for a wide range of ener- 
gies. Reaction probabilities from excited H, states (v = 0, 
j#O) for surface SSEC are given in Table IX. 
IV. DISCUSSION 
The J = 0 reaction probabilities from the ground state 
(j = v = 0) of H, into specific product vibrational levels v’, 
summed over all final rotational statesj’, are plotted in Fig. 1 
for the SSEC surface. In Fig. 2 similar plots for U’ = 2 and 
v’ = 3 are presented for surfaces 5A, M5, and SSEC-W. 
For both surfaces SSEC and SSEC-W, the U’ = 3 reac- 
tion probabilities are usually larger than those for v’ = 2, and 
the reaction probabilities for these two states are much larger 
than those for v’ = 0 or 1, but from Fig. 1 we see that for 
surface SSEC there is a small energy range between 0.41 and 
0.45 eV (total energy), where the v’ = 2 probabilities are 
larger than the v’ = 3 ones. Figures 1 and 2 also show that 
TABLE IX. Three-dimensional reaction probabilities for 
F + H, ( u = Oj) -+ H + HF( u’, summed over allp) for surface SSEC. 
E(eV)” i If = 0 VI = 1 VI = 2 vt = 3 
0.315 2 6.67( - 8)b 4.34( -6) 8.06( - 5) 4.09( - 4) 
0.318 2 3.89( - 7) 2.36( - 5) 5.06( - 4) 1.59( - 3) 
0.320 2 8.59( - 7) 4.87( - 5) 1.12( - 3) 2.58( - 3) 
0.325 2 1.76( - 6) 7.91( - 5) 2.14( - 3) 3.53( - 3) 
0.326 2 1.88( - 6) 7.91( - 5) 2.22( - 3) 3.71( -3) 
0.330 2 2.18( - 6) 6.77( - 5) 2.26( - 3) 5.50( - 3) 
0.340 2 3.23( - 6) 6.84( - 5) 3.37( - 3) 1.61( - 2) 
0.350 2 1.97( - 5) 5.62( - 4) 2.99( - 2) 1.69( - 1) 
0.360 2 4.80( - 5) 1.52( - 3) 6.79( - 2) 4.35( - 1) 
0.370 2 9.81( - 5) 3.30( - 3) 1.05( - 1) 8.04( - 1) 
0.380 2 l.Ol( - 4) 3.67( - 3) 8.71( - 2) 7.45( - 1) 
0.390 2 1.28( - 4) 4.92( - 3) 7.79( -2) 6.98( - 1) 
0.400 2 1.88( - 4) 7.02( - 3) 8.32( - 2) 6.59( - 1) 
0.410 2 2.31( - 4) 8.33( - 3) 9.44( -2) 6.33( - 1) 
0.420 2 2.81( - 4) 1.04( - 2) 1.03( - 1) 6.27( - 1) 
4 3.20( - 7) 1.34( - 5) 1.51( -4) 8.06( - 4) 
0.430 2 4.54( -4) 1.53( - 2) 1.37( - 1) 5.86( - 1) 
4 3.83( - 7) 1.57( - 5) 1.76( - 4) 1.06( - 3) 
0.440 2 5.59( -4) 1.77( - 2) 1.75( - 1) 5.17( - 1) 
4 6.76( - 6) 2.08( - 4) 1.68( - 3) 3.71( - 3) 
0.450 2 4.03( - 4) 1.24( - 2) 1.52( - 1) 5.23( - 1) 
4 5.53( - 5) 1.66( - 3) 1.49( - 2) 2.28( - 2) 
0.460 2 4.29( - 4) 1.15( -2) 1.41( - 1) 5.30( - 1) 
4 3.51( -4) 9.42( - 3) 9.38( -2) 1.61( - 1) 
0.470 2 3.22( -4) 1.07( - 2) 1.20( - 1) 4.79( - 1) 
4 1.02( - 3) 2.66( - 2) 2.67( - 1) 4.68( - 1) 
‘E is total energy with respect to F + H, at classical equilibrium. 
bNumbers in parentheses are powers of ten. 
the threshold for v’ = 3 is not delayed compared to v’ = 2. 
These features of the reaction probabilities compare qualita- 
tively quite well to those calculated for the surface 5A,8 but 
the curves for U’ = 2 and v’ = 3 from surfaces SSEC and 
SSEC-W show more structure than is displayed in the curves 
for surface No. 5A in Fig. 2. The reaction probabilities for 
surface M5 show, as determined previously,4 that there is no 
appreciable probability of forming HF v’ = 3 under these 
conditions. 
0.58 
0.48 
$0.38 “a 
0.28 
0.18 
0.08 
-621 0.32 0.37 0.42 0.47 
Etoi (W 
FIG. 1. Reaction probabilities (P$ ) vs total energy (eV) for the reaction 
F+HL(~=j=0)-+H+HF(v’=0,1,2,3)forsurface5SEC. 
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0.27 0.32 0.37 0.42 0.47 
Etot WI Etot (eV 
FIG. 2. Same as Fig. 1 for the reaction F + H,( v = j = 0) - HF( u’ = 2,3) 
for the surfaces 5A, M5, and SSEC-W. 
FIG. 4. Same as Fig. 3 for surfaces SSEC-W and M5. 
The even-permutation-symmetry cumulative reaction 
probabilities (defined above) for surfaces SSEC and SSEC- 
Ware plotted in Figs. 3 and 4. For surface 5SEC (Fig. 3), we 
see that the cumulative reaction probability rises to unity at 
the overall reaction threshold, in good agreement with the 
prediction of variational transition state theory.” After this, 
though, the probabilities dip before continuing to rise to the 
second threshold. This feature in the cumulative reaction 
probabilities, coupled with the structure in the specific v’ 
reaction probability curves, may imply that there is a reso- 
nance close to the threshold. A feature like this is not seen in 
the cumulative reaction probabilities for the M5 surface or in 
2.5 I 3 5 r t , . s a . , v 3 n 8 , - 3 g 1 4 
I  I  I ,  1 I  I ,  I ,  I  I ,  1 I  
0.27 0.32 0.37 0.42 0.47 
Etot (eV> 
FIG. 3. Cumulative reaction probabilities N”(E) for total angular momen- 
tum zero and even permutation symmetry, vs total energy (in eV) for the 
reaction F + H,(IJ = 0) +H + HF(u’ = 0,1,2,3) for surface SSEC. 
those for surface 5A, which are presented in Figs. 4 and 5, 
respectively. Figure 4 shows that the resonancelike feature 
close to the threshold is also present for surface SSEC-W. 
Although surface SSEC-W is very similar to surface 
SSEC, the cumulative reaction probabilities at energies 
above threshold differ qualitatively. In particular, Fig. 4 
shows the cumulative reaction probabilities for surface 
SSEC-W go to two at a much lower energy than do those for 
surface SSEC. This seems to imply that in spite of the fact 
that the first threshold for the two surfaces occurs at a very 
similar energy the first excited state of the transition state is 
lower in energy on surface SSEC-W than for surface SSEC, 
or else transition state theory begins to fail at a much lower 
Etot (eV> 
FIG. 5. Same as Fig. 3 for surface No. 5A. 
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energy for surface SSEC than for surface SSEC-W. Another 10 
look at Figs. 1 and 2 reveals that the reaction probabilities for 
surface SSEC-W show more oscillations than do those for 
surface SSEC. These oscillations show the system’s sensitiv- 
ity to small surface differences. 
8 
Why does surface SSEC show resonance features near 
threshold that are not seen for surface 5A? Surface 5A has a 
different, and we believe incorrect, representation of the F- 
d -> 6 
H-H bending potential, in particular the bending potential is Y G 
relatively tight on surface 5A but is flat on surface SSEC; in II 
addition, surface 5A does not include long-range attractive 
-* 
-4 
forces but surfaces SSEC and SSEC-W do. These features of 
the new surface may be the reason that resonance features 
appear in the reaction probabilities. 
Since surface SSEC and surface 5A have similar exit- 
channel potentials, but surface SSEC has a better entrance 
channel representation, these two surfaces can be used to 
check the importance of the entrance channel on the vibra- 
tional branching ratios. The ratio of the reaction probabili- 
ties for final vibrational level U’ = 3 to those for U’ = 2 from 
the ground state (U =j = 0) of H, for surface SSEC is plot- 
ted in Fig. 6, and similar plots for surfaces 5A, SSEC-W, and 
M5 are presented in Figs. 7-9, respectively. These figures 
show that the (0’ = 3)/( U’ = 2) branching ratio with J = 0 
on all four surfaces overestimates the experimental vibra- 
tional branching ratio. The ratio for surface SSEC is larger 
than that for surface 5A for most but not all energies. The 
ratio for surface MS is the smallest because this surface has 
an almost negligible probability of forming U’ = 3 HF species 
under these conditions. Figure 8 shows that surface SSEC-W 
has a smaller (v’ = 3)/(u’ = 2) ratio than surface 5A, but 
this ratio is also larger than the experimental value. These 
results indicate that the vibrational branching ratios may 
differ greatly even for surfaces with very similar potentials in 
FIG. 7. Same as Fig. 6 for surface No. 5A. 
the exit channel. Recent cross section calculations* for the 
F + H,(u =j= 0) +H + HF(u’) reaction at a relative 
translational energy of 1.84 kcal/mol on surface 5A indicate 
that the (u’ = 3)/( v’ = 2) ratio at the cross section level is 
smaller than that for J = 0, but the cross section ratio for 
surface 5A is still apparently larger than experiment. (The 
product rotational distribution agrees with experimental* 
results better than the vibrational one.) In light of the well 
known correlations of product vibrational state distributions 
with exit channel properties of potential energy surfaces,*’ 
8 18 
15 
;u^ II 6 
i 
Y 
s II 
54 
0 
0 1 2 3 4 5 
Ere,(kcal/mol) 
FIG. 6. The ratio of u’ equal to 3 vs u’= 2 for the reaction 
F+H,(u=j=O)-.H+HF(o’)forsurface5SEC. 
7156 Lynch eta/.: F+ H2 reaction 
1.5 2.5 3.5 
EreJkcal/mol) 
1 
II*IIIIIa I- 
+- 1.84 kcal/mol 
I 
0 1 2 3 
E$ccd/mol) 
FIG. 8. Same as Fig. 6 for surface 5SEC-W. 
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FIG. 9. Same as Fig. 6 for surface M5. 
one possible interpretation of the present results is that, al- 
though the exit channel on surface 5 (which is practically 
equivalent to the exit channel on surface 5A) was adjusted so 
as to allow for the production of vibrationally excited HF 
molecules under thermal conditions,4 the adjustments may 
be qualitatively but not quantitatively correct. However, it is 
not clear that the interpretation is so simple. First of all, we 
note that the (u’ = 3)/( u’ = 2) branching ratio in Fig. 6 is a 
very sensitive function of energy. Second, although the exit- 
channel potentials on surfaces 5A, SSEC, and SSEC-W are 
very similar, as illustrated for collinear geometries in Fig. 10, 
the product vibrational branching ratios for these surfaces 
are quite dissimilar. Thus the question arises of whether the 
discrepancy between theory’ for surface 5A and experiment 
for the vibrational branching ratio is likely to be resolved by 
a better treatment of the F-H-H entrance channel or by the 
region of high reaction-path curvature, which also has a 
large effect on product vibrational distributions.**. Cross 
section calculations for surface SSEC would be useful to help 
answer this question. 
V. CONCLUSIONS 
The accurate quantum dynamics calculations for sur- 
face 5SEC show that both HF (u’ = 3) and HF (u’ = 2) are 
produced at the overall reaction threshold, in agreement 
with experiment. This surface also shows some resonance 
behavior around the first threshold energy. The results for 
surface SSEC-W are qualitatively similar to those for surface 
SSEC. However, surface SSEC-W appears to have a second 
“threshold” (i.e., an excited state of the transition state*‘) at 
a lower energy than does surface SSEC, and there are some 
additional oscillations in the reaction probabilities for this 
surface. The present calculations show that even surfaces 
with very similar exit-channel potentials may produce quite 
different ratios of populations for product vibrational levels 
u’ = 3 and U’ = 2, so full cross section calcuIations will be 
required to learn whether surface SSEC is sufficiently realis- 
2.5 3.0 3.5 4.0 4.5 
RHH (all) 
FIG. 10. Potential energy (kcal/mol) vs the R,, bond length (a,,) for sur- 
faces No. 5A, SSEC, 5SEC-W, and M5. For all curves in this figure, the 
geometry is collinear and the R,, bond length is held fixed at its classical 
equilibrium separation of 1.733~. The zero of energy is F infinitely separat- 
ed from Hz with R,, = 1.401~. 
tic to reproduce the experimental ratio. It will also be inter- 
esting to see the effect of the improved entrance channel 
bend potential and van der Waals attractions of surface 
SSEC on quantum mechanical state-to-state differential 
cross sections. 
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